The hepatitis C virus (HCV) genotype 2a isolate JFH1 represents the only cloned HCV wild-type sequence capable of efficient replication in cell culture as well as in vivo. Previous reports have pointed to NS5B, the viral RNA-dependent RNA polymerase (RdRp), as a major determinant for efficient replication of this isolate. To understand the contribution of the JFH1 NS5B gene at the molecular level, we aimed at conferring JFH1 properties to NS5B from the closely related J6 isolate. We created intragenotypic chimeras in the NS5B regions of JFH1 and J6 and compared replication efficiency in cell culture and RdRp activity of the purified proteins in vitro, revealing more than three independent mechanisms conferring the role of JFH1 NS5B in efficient RNA replication. Most critical was residue I405 in the thumb domain of the polymerase, which strongly stimulated replication in cell culture by enhancing overall de novo RNA synthesis. A structural comparison of JFH1 and J6 at high resolution indicated a clear correlation of a closed-thumb conformation of the RdRp and the efficiency of the enzyme at de novo RNA synthesis, in accordance with the proposal that I405 enhances de novo initiation. In addition, we identified several residues enhancing replication independent of RdRp activity in vitro. The functional properties of JFH1 NS5B could be restored by a few single-nucleotide substitutions to the J6 isolate. Finally, we were able to enhance the replication efficiency of a genotype 1b isolate with the I405 mutation, indicating that this mechanism of action is conserved across genotypes.
The hepatitis C virus (HCV) is an enveloped positive-strand RNA virus belonging to the genus Hepacivirus in the family Flaviviridae (47) . The genome of HCV encompasses a single ϳ9,600-nucleotide (nt)-long RNA molecule carrying one large open reading frame (ORF), flanked by nontranslated regions (NTRs), that is translated primarily into one polyprotein. The polyprotein precursor is cleaved by cellular and viral proteases into at least 10 different products (for a review, see reference 5). The nonstructural proteins NS3 to NS5B are necessary and sufficient for autonomous RNA replication. They form a membrane-associated replication complex, in which NS5B is the RNA-dependent RNA polymerase (RdRp), the key enzyme of viral RNA replication. Purified NS5B can initiate RNA synthesis in vitro by a primer-dependent mechanism or de novo (7, 28, 30, 55) . De novo initiation at the 3Ј end of the viral positiveand negative-strand RNA is likely to be the physiological mode of initiation of RNA synthesis in infected cells. The crystal structures of several viral RdRps that initiate RNA synthesis de novo have been reported, including that of HCV NS5B (3, 13, 25) , the first such structure to be solved, and more recently those of other Flaviviridae polymerases (15, 31, 51) . All of these enzymes are homologous and for all of them the "fingers" and "thumb" subdomains are connected (through the so-called "fingertips") and cluster around the central, catalytic "palm" subdomain. The resulting conformation is nearly closed enough for binding of a single-stranded RNA template and the priming nucleotides. Thus, the basal conformation of the RdRps is nearly competent for de novo initiation.
The NTRs are the most conserved part of the viral genome and play important roles in viral translation and replication. The 5ЈNTR harbors an internal ribosomal entry site (IRES) that directs cap-independent translation of the ORF (44) . The 3ЈNTR has a tripartite structure and consists of a highly variable region directly after the polyprotein stop codon, a polypyrimidine tract [poly(U/UC)] of variable length, and at the very 3Јend a highly conserved 98-nt-long RNA element designated the X tail (23, 42, 43) . The X tail contains three stemloop structures that are all indispensable for RNA replication in vitro and in vivo (11, 17, 50, 52) . Another important cis-acting replication element (CRE) resides within the coding region of NS5B, containing a stem-loop structure (5B SL3.2) involved in a kissing-loop interaction with the stem-loop 2 (SL2) of the X-tail region in the 3ЈNTR (18, 54) .
Studies on HCV replication in cell culture have long been hampered by the lack of a robust culture system and are still restricted to a small number of viral isolates covering genotypes 1a, 1b, and 2a (6) . Genotype 1 isolates require replication-enhancing mutations for efficient RNA replication but in turn lose their ability to produce infectious virus particles (10, 14, 24, 27, 29, 37) . The genotype 2a isolate JFH1 is the only HCV strain that replicates with remarkable efficiency without the requirements for adaptive mutations and thereby produces infectious HCV particles in vitro and in vivo (22, 48) . In contrast, the genotype 2a isolate J6 is known to be infective in chimpanzees (49) but does not give rise to replication in cell culture at all, despite a sequence homology of ϳ90% between JFH1 and J6. Murayama et al. took advantage of the properties of these isolates, generating chimeric replicons and demonstrating that the NS3 helicase-coding region, NS5B, and the 3ЈNTR were the major elements for efficient JFH1 replication, in which NS5B was the most important single determinant (32) . In a subsequent study we found that the JFH1 polymerase indeed exhibited a 5-to 10-fold-higher specific activity in vitro than the J6 enzyme, consistent with the polymerase activity itself contributing to efficient replication of JFH1 (41) . This was due to significantly more efficient de novo RNA synthesis of JFH1 than of J6 NS5B. Furthermore, we solved the crystal structure of JFH1 NS5B, which was shown to display a very closed conformation that is expected to facilitate de novo initiation. Structural analysis revealed that this closed conformation was stabilized by several substitutions promoting extra hydrophobic interactions between the thumb and fingers subdomains.
In the present study we aimed to further clarify the molecular determinants within NS5B underlying efficient JFH1 replication. By using chimeric replicons and purified NS5B proteins, we performed a comprehensive analysis to ascertain regions and residues within NS5B which were critical for rescuing J6 replication. We furthermore solved the crystal structure of the J6 polymerase and obtained higher-resolution data from JFH1 polymerase to gain further mechanistic insight into the structural basis underlying a highly efficient HCV RdRp. We thereby identified at least four independent mechanisms in the NS5B gene of JFH1 contributing to efficient replication in cell culture. However, a key residue in the thumb domain at position 405 by itself substantially increased RdRp activity and replication efficiency of NS5B of J6 by stabilizing a more closed conformation of the thumb, thereby increasing de novo RNA synthesis, very likely at the initiation step. Interestingly, the same V405I mutation also stimulated replication of the unrelated genotype 1b isolate Con1, probably by the same mechanism. Our study therefore clarifies in detail the contribution of the JFH1 NS5B gene to efficient replication of this isolate in cell culture. In addition, we provide a proof of concept that some properties of JFH1 polymerase can be transferred to a genotype 1 isolate and might therefore help to generate fully permissive HCV cell culture models independent of the JFH1 isolate.
MATERIALS AND METHODS
Cell culture and cell lines. All cell lines were grown in Dulbecco's modified minimal essential medium (DMEM) (Life Technologies, Karlsruhe, Germany) supplemented with 2 mM L-glutamine, nonessential amino acids, 100 U/ml of penicillin, 100 g/ml of streptomycin, and 10% fetal calf serum. The experiments were performed in either Huh7-Lunet cells supporting high-level RNA replication or Huh7.5 cells supporting high infectivity rates.
Plasmid construction. All amino acid and nucleotide numbers refer to the position of the corresponding amino acid in the NS5B gene or the complete HCV genome of JFH1, J6, and Con1 (GenBank accession no. AB047639, AF177036, and AJ238799, respectively). Note that all JFH1-based in vitro transcripts contain one additional guanosine at the 5Ј end to allow efficient transcription by T7 polymerase, which is not included in the sequence under accession no. AB047639 and is disregarded in nucleotide numbering. All constructs were made by standard PCR and cloning procedures (38) . The basic subgenomic replicons Luc JFH1 and Con1 used in this study refer to the plasmid constructs pFK I389 Luc_ubi/NS3-3Ј_dg_JFH1ϩKpnI, with a KpnI restriction site at the NS5B C terminus, and pFK I389 Luc_NS3-3Ј_dg_Con1. Both plasmids contain the T7 promoter sequence fused to nucleotides 1 to 389 of the JFH1 consensus sequence, the firefly luciferase gene, human ubiquitin (only JFH1) or the encephalomyocarditis virus IRES (only Con1), the coding sequence for NS3 to NS5B, the 3ЈNTR, the hepatitis delta virus genomic ribozyme (dg), and the T7 terminator sequence (V. Lohmann, unpublished data). pFK I389 Luc_ubi/NS3-3Ј_dg_JFH1_NS5BJ6ϩKpnI (abbreviated NS5B-J6), the basic plasmid for all following chimeric subgenomic replicons, was constructed by the replacement of JFH1 NS5B with the corresponding part of J6 using a conserved BsrGI and the artificial KpnI sites. Intragenotypic replicons with chimeric parts of JFH1/J6 NS5B were generated as follows. The segments corresponding to NS5B amino acids 1 to 183 (RsrII/Bsu36I), 184 to 393 (Bsu36I/SmaI), 394 to 527 (SmaI/MfeI), and 528 to 591 (MfeI/KpnI) were inserted with the indicated restriction sites from JFH1 into NS5B-J6. These four segments roughly match the NS5B fingers, palm, and thumb domains and the C terminus, including linker and transmembrane helix (Fig. 1A, bottom) , and are here referred to as "fingers," "palm," "thumb," and "C-term." By using the indicated restriction sites, several segment combinations were cloned (Fig. 1A, bottom) . For further characterization of the "thumb," several JFH1 subsegements were inserted at amino acid positions 394 to 470, 470 to 494, and 494 to 527 (designated 394-470 JFH, 470-494 JFH, and 494-527 JFH, respectively). C-terminal chimeric constructs (see Fig. 6A ; silent JFH1, Y561FϩL571S, SL3.1 JFH, SL3.2 JFH, and SL3.3 JFH) were cloned into Luc_5BJ6 with synthetic genes (Geneart, Regensburg, Germany) by using the flanking restriction sites MfeI and KpnI.
To facilitate insertions into the variable region restriction sites, XbaI and EcoRI were introduced into pFK_JFH (36) using primers S_2A_VR-Xba-EcoRI (5ЈCACACTAGGTCTAGACCGAATTCGCTAACTGTTCC3Ј; recognition sites are underlined) and A_2A_VR-Xba-EcoRI (5ЈCGGTCTAGACCTAGTG TGTGCCGCTC3Ј), resulting in pFK_JFH-VR-X/E.
To generate pFK_JFHmut3.1-3, the following primer pairs were used for PCR-based insertion of silent point mutations designed to interfere with the formation of RNA elements NS5BSL3.1, -3.2, and -3.3: S_2A-ds3.1 (5ЈCTCGA CTTATCCTCTTGGTTCACGGTCGGCGC3Ј) and A_2A-ds3.1 (5ЈGGATAA GTCGAGAAGCCGCGCCTCGGGCAATG3Ј); S_2A-ds3.2 (5ЈCATTCAGTG AGCCGGGCGAGACCGCGCTCATTAC3Ј) and A_2A-ds3.2 (5ЈCCCGGCTC ACTGAATGGAATATATCGCCGCCGCCGGC3Ј); and S_2A-ds3.3 (5ЈCTTC TATTCGTTGGTGTTGGCCTCTTCC3Ј) and A_2A-ds3.3 (5ЈCAACGAATA GAAGCAGAAGGCCGAAGAG3Ј). To construct pFK_JFH dup3.1-3 and pFK_JFH ins3.1-3, the region spanning the 5BSL3.1-3 elements was amplified via PCR using primers S_2a_Xba_9286 (5ЈCTCTTCTAGACTCACTCCATTG CC3Ј) and A_2a_EcoRI_9417 (5ЈGCGGGAATTCGGAAGAGGCCTAC3Ј) and inserted into pFK_JFH-VR-X/E or pFK_JFH-ds5B using XbaI/EcoRI. All modifications were transferred into the indicated reporter replicon backbone used in this study.
For the analysis of the enzymatic activities of NS5B from JFH1 and J6 and chimeras thereof, the corresponding regions of subgenomic replicons (see above) were transferred into expression plasmids encoding the different NS5B proteins lacking the 21 C-terminal amino acids (⌬C21) and C-terminally fused to 6ϫHis in a pET21b vector that has been described previously (41) .
pFK I389 RLuc2ACore-3Ј-Jc1 (referred to as JcR-2a) (M. Poenisch and R. Bartenschlager, unpublished data) is a monocistronic reporter virus derived from the Jc1 chimera (36) . The gene encoding the Renilla luciferase (R-Luc) is fused N terminally with the 16 N-terminal amino acids of the core protein and C terminally with the 2A peptide-coding region of foot-and-mouth disease virus (FMDV) to allow release of the R-Luc protein from the HCV polyprotein. For characterization of virus production, several JcR-2a constructs were generated by transferring chimeric or mutant NS5B sequences from the respective subgenomic replicons using RsrII and MluI restriction sites.
⌬GDD constructs were described previously and have an in-frame deletion of 10 amino acids (MLVCGDDLVV) encompassing the GDD motif of NS5B. Amino acid substitutions were introduced by PCR-based site-directed mutagenesis, and amplified DNA fragments were analyzed by automated nucleotide sequencing by using an ABI 310 sequencer (Applied Biosystems, Darmstadt, Germany).
In vitro transcription. In vitro transcripts of the individual constructs were generated by linearizing 10 g of the respective plasmid by digestion for 90 min with MluI (JFH1 and J6) or SpeI (Con1) for all subgenomic replicons. Plasmid DNA was extracted with phenol and chloroform and, after precipitation with ethanol, dissolved in RNase-free water. In vitro transcription reaction mixtures contained 80 mM HEPES (pH 7.5), 12 mM MgCl 2 , 2 mM spermidine, 40 mM dithiothreitol (DTT), 3.125 mM each nucleoside triphosphate, 1 U of RNasin (Promega, Mannheim, Germany) per l, 0.1 g plasmid DNA/l, and 0.6 U of T7 RNA polymerase (Promega) per l. After incubation for 2 h at 37°C, 0.3 U of T7 RNA polymerase/l reaction mixture was added, followed by another 2 h of incubation at 37°C. Transcription was terminated by addition of 1.2 U of RNase-free DNase (Promega) per g of plasmid DNA and 45 min of incubation at 37°C. The RNA was extracted with acidic phenol and chloroform, precipitated with isopropanol, and dissolved in RNase-free water. Denaturing agarose gel electrophoresis was used to check RNA integrity, and the concentration was determined by measurement of the optical density at 260 nm (OD 260 ).
Electroporation of HCV RNAs. Single-cell suspensions of Huh7-Lunet cells or Huh7.5 cells were prepared by trypsinization and washed once with phosphatebuffered saline (PBS). Detached cells were resuspended at 1 ϫ 10 7 cells per ml in Cytomix (46) containing 2 mM ATP and 5 mM glutathione. Unless otherwise stated, 5 g of in vitro-transcribed RNA was mixed with 400 l cell suspension and electroporated with a Gene Pulser system (Bio-Rad, Munich, Germany) in a cuvette with a gap width of 0.4 cm (Bio-Rad) at 975 F and 270 V. Cells were immediately transferred to complete DMEM and seeded as described below.
Luciferase assays. Quantification of luciferase reporter activity was used to determine transient HCV RNA replication as described previously (8) . In brief, for firefly or Renilla luciferase measurements, Huh7-Lunet cells or Huh7.5 cells were transfected by electroporation and resuspended in 12 ml complete DMEM. Two milliliters of the suspension was seeded per well of a six-well plate and harvested at 4, 24, 48, and 72 h after transfection by addition of 350 l of lysis buffer (0.1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO 4 , 4 mM EGTA, and 1 mM DTT, pH 7.8). For assaying firefly luciferase activity (in relative light units [RLU] ), 100 l of lysate was mixed with 360 l assay buffer (25 mM glycylglycine, 15 mM MgSO 4 , 4 mM EGTA, 1 mM DTT, 2 mM ATP, and 15 mM potassium phosphate, pH 7.8) and 200 l of luciferin solution (200 M luciferin in 25 mM glycylglycine, pH 8.0) and measured in a luminometer (Lumat LB9507; Berthold, Freiburg, Germany) for 20 s. For detection of Renilla luciferase activity (in r-RLU), 20 l of lysate was mixed with 100 l assay buffer including 1.4 M Coelenterazine (PJK Chemikalien, Kleinblittersdorf, Germany) and measured for 10 s. All measurements were done in duplicates. Replication efficiency was determined by normalizing the relative light units (RLU or r-RLU) at the different time points to the respective value obtained at 4 h.
Expression and purification of NS5B. NS5B⌬C21 of HCV Con1, JFH1, J6, and corresponding JFH1/J6 chimeras and mutants, C-terminally fused to a hexahistidine tag, were expressed in Escherichia coli BL21(DE3) or Rosetta(DE3) cells. Glucose (1%) was added to repress NS5B expression in all media except the induction medium. Proteins for biochemical analysis were expressed and purified exactly as described previously (41) . Purified NS5B was quantified by the Bradford method and stored in small aliquots at Ϫ70°C.
For the protein samples used in structural work, carbenicillin was used as the FIG. 1. Structure of monocistronic replicons and importance of the NS5B gene for efficient JFH1 replication. (A) Top, schematic view of an HCV genome and the subgenomic replicons JFH1 and NS5B-J6 used for transient replication assays. Coding sequences are depicted by rectangles, and the NTRs, as well as a critical CRE in the NS5B-coding sequence, are shown by their characteristic stem-loop structures. A kissing-loop interaction between SL3.2 of this CRE and SL2 within the X tail of the 3ЈNTR is indicated by an arrow. JFH1 and heterologous sequences are indicated by white boxes; J6-derived sequences are depicted in black. This code was kept throughout the whole study. Middle, a schematic blowup of NS5B reveals the NS5B domains fingers, palm, thumb and C terminus. The limits of the four segments that were swapped between JFH1 and J6 are indicated by their respective positions within the coding sequence and the restriction enzymes used for subcloning. Polymorphisms between JFH1 and J6 are indicated by lines, and numbers refer to residues analyzed by site-directed mutagenesis. Bottom, schematic representation of chimeric NS5B genes analyzed in this study. Luciferase, gene encoding firefly luciferase; ubi, gene encoding human ubiquitin; C, HCV core; 2, 3, 4A, 5A, and 5B, genes encoding HCV nonstructural proteins. (B) Replication efficiencies of subgenomic replicons JFH1 and NS5B-J6 compared to that of a replication deficient mutant. Five micrograms of in vitro transcripts corresponding to JFH1 (F), 5BJ6 (f), and JFH1⌬GDD (‚) was transfected into Huh7-Lunet cells. Firefly luciferase activity was determined in cell lysates prepared at 4 h, 24 h, 48 h, and 72 h posttransfection. Replication efficiency was determined by normalizing the relative light units (RLU) of the different time points to the respective 4-h value. .5], 500 mM NaCl, 50 mM imidazole, 1% Triton X-100, 20% glycerol, 0.75 mg/ml lysozyme, 25 U/ml benzonase, and protease inhibitors), respectively. Incubation for 2 h with mild shaking at 4°C was followed by five freeze-thaw steps and a centrifugation for 20 min at 10,000 ϫ g at 4°C. The supernatants for JFH1 and J6 were loaded at 0.5 ml/min on a 1-ml self-packed column (1 ml of Ni-Sepharose; GE Healthcare) and a prepacked HisTrap HP 1-ml GE Healthcare column, respectively. P]GTP (Perkin-Elmer), 50 M CTP, UTP, and ATP, 500 M GTP, 2 g poly(C) RNA template (GE Healthcare), and 1 g of purified polymerase. For quantitative analysis by liquid scintillation counting, samples were precipitated with 10% trichloroacetic acid (TCA) and 0.5% tetrasodium pyrophosphate, passed through GF-C microfilters (GE Healthcare) washed five times with 1% trichloroacetic acid and 0.1% tetrasodium pyrophosphate, and air dried. After addition of 4 ml of Ultima Gold (Perkin-Elmer), samples were subjected to liquid scintillation counting. All measurements were done in triplicates. Specific activities on poly(C) templates were expressed in pmol GTP incorporated per g of NS5B per hour of reaction time and calculated by determining the fraction of incorporated radioactive GMP, present at 132 nM (ca. 3.3 pmol), relative to the total GTP concentration.
Crystallization. All crystals were obtained by the hanging-drop vapor diffusion method and flash cooled by plunging into liquid nitrogen. New crystallization screens were set up for JFH1_NS5B (4.5 to 11.6 mg/ml) using robotics (Cartesian MicroSys) with the vapor diffusion method from 200-nl sitting drops. These screens produced better-looking and easier-to-handle microcrystals than our previously reported (41) crystals of JFH1_NS5B when mixed with a reservoir solution of 15% polyethylene glycol (PEG) 2000, 0.02 M sodium citrate, and 0.1 M sodium dihydrogen phosphate (pH 6.2) or with a reservoir solution of 12% PEG 4000 and 0.05 M sodium phosphate (pH 6.8). After optimization of the conditions, the crystals with the best diffraction quality were grown from a 1:1 mixture of protein solution (11.7 mg/ml) and reservoir solution (12% PEG 3350, 0.2 M sodium phosphate, pH 6.5) in 2-l hanging drops. Before flash cooling in liquid nitrogen, the crystals were briefly transferred to a solution containing 12% PEG 3350, 0.2 M sodium phosphate (pH 6.5), and 35% glycerol.
J6_NS5B was concentrated to 2 mg/ml. Initial crystallization screens, set up using robotics (Cartesian MicroSys) with the vapor diffusion method from 200-nl sitting drops, produced small rods when mixed with a reservoir solution of 30% PEG 300 and 0.1 M Tris-HCl, pH 8.5. After optimization of the conditions, the crystals with the best diffraction quality were grown from a 2:2:2 mixture of protein solution (2 mg/ml), dialysis buffer (see "Expression and purification of NS5B" above), and reservoir solution (10% PEG 300, 0.1 M Tris-HCl, pH 8) in 6-l hanging drops. Before being flash cooled in liquid nitrogen, the crystals were briefly transferred into a solution containing 32.5% PEG 300 and 0.1 M TrisHCl, pH 8.
Structure determination and refinement. High-resolution X-ray diffraction data were collected at beam line Proxima 1 of the SOLEIL Synchrotron (St. Aubin, Gif-sur-Yvette, France). Diffraction data for JFH1_NS5B were processed with the XDS package (21) and those for J6_NS5B with programs of the CCP4 suite (4), i.e., MOSFLM (through the imosflm interface) and SCALA. For J6_NS5B, molecular replacement was carried out with MOLREP (45) using Protein Data Bank (PDB) code 3I5K (41) as a search model. A first automatic rebuilding was performed with ARP/wARP (35) , and then manual building was continued with COOT (16) . Refinement was done first with Refmac5 (34) of the CCP4 suite and then with phenix.refine of the PHENIX suite (2). The highresolution JFH1_NS5B structure in the new crystal form was determined starting from rigid-body refinement of a JFH1T385A_NS5B point mutant structure that had been previously refined to 1.8-Å resolution (see the supplemental material). This new JFH1_NS5B structure was carefully rebuilt with COOT and refined with phenix.refine. The same test set was used for the high-resolution JFH1_NS5B and JFH1T385A_NS5B data sets.
Objective comparisons of structures. Differences in main-chain conformation between pairs of molecules were objectively assessed using the program ESCET (39) . As in our previous work (20, 41) , we used significance values (ESCET "lolim" parameter) of 5.0 sigmas to identify broader conformational differences and 2.5 sigmas to take into account all significant conformational differences. When comparing the two high-resolution structures reported here, we also used a lolim value of 2.0. In significantly different structures, all rigid groups larger than 10 residues were sought. Figures were generated with PYMOL (the PyMOL Molecular Graphics System [2002] at http://www.pymol.org).
Infectivity assays. Huh7.5 cells were electroporated with in vitro transcripts of JcR2a or JcR2a chimeras and seeded in six-well plates. Supernatants were harvested 24 h, 48 h, and 72 h postelectroporation, filtered through 0.45-mpore-size filters, and applied to 4 ϫ 10 5 Huh7.5 cells seeded in 24-well plates. At 72 h after infection, cells were lysed in 100 l lysis buffer (see "Luciferase assays" above), and infectivity was determined by measuring Renilla luciferase activity (r-RLU) for 10 s in a plate luminometer (Mithras LB940; Berthold) after addition of 400 l assay buffer (see "Luciferase assays" above).
Protein structure accession numbers. Coordinates and structure factors for the crystal structures described in Table 2 are available from the Protein Data Bank under accession codes 2XWH (J6_NS5B) and 2XXD (JFH1_NS5B_O).
RESULTS
Mapping of regions within NS5B that are critically involved in JFH1 replication. Our previous analysis showed that the polymerase of HCV isolate JFH1 had a higher efficiency of de novo RNA synthesis in vitro than the RdRp of isolate J6. This higher activity correlated with a very closed conformation of the structure of the enzyme compared to a genotype 2a consensus structure. To address whether the enzymatic and structural properties of NS5B were indeed underlying the outstanding replication of JFH1 in cell culture, we performed a comprehensive analysis of the replication efficiency of replicons harboring chimeric NS5B sequences compared to the RdRp activity of the corresponding purified enzymes. Since NS5B was not the only determinant of efficient JFH1 replication (32), we decided to use a subgenomic replicon with a JFH1 backbone as a starting point and replaced only the NS5B-coding sequence of isolate JFH1 with the J6 counterpart (Fig. 1A , NS5B-J6). To mimic the translational properties of a full-length genome most closely, we used a monocistronic architecture and included a firefly luciferase reporter gene to facilitate quantitation of replication ( Fig. 1A) (8) . The replication efficiency of this RNA can easily be quantified by determining firefly luciferase activity in cell lysates. The luciferase activity obtained from the chimeric replicon harboring the J6 NS5B (NS5B-J6) was very low compared to that of the parental JFH1 replicon and only slightly above that of a replicationdeficient mutant containing a 10-amino-acid deletion in the active center of the polymerase (⌬GDD) (Fig. 1B) . This result was expected from a previous study (32) and confirmed the important role of the NS5B-coding region for efficient JFH1 replication.
The NS5B-coding regions of JFH1 and J6 differed at 133 positions in the RNA sequence, resulting in 29 amino acid deviations in the protein sequence. In order to identify those positions involved in efficient JFH1 replication, we first replaced larger regions of NS5B-J6 with the corresponding JFH1 sequences, aiming to rescue replication to JFH1 levels. For this gross mapping analysis we used convenient restriction sites at the approximate borders of the NS5B subdomains (Fig. 1A) and named the chimeras according to the dominant part of the inserted JFH1 domain, i.e., "fingers," "palm," "thumb," and "C-term" (Fig. 1A) . Surprisingly, three different JFH1 NS5B segments, palm, thumb, and C-term, increased replication efficiency of NS5B-J6, albeit to various extents ( Fig. 2A) . The JFH1 palm segment resulted in a 7-fold increase of replication efficiency compared to NS5B-J6, whereas C-term and thumb stimulated replication by ca. 100-and 1,000-fold, respectively, thereby nearly reaching JFH1 levels.
To evaluate the contribution of the increased de novo initiation efficiency of JFH1 RdRp to replication in cell culture, we constructed identical chimeric coding sequences lacking the 21-amino-acid C-terminal membrane insertion sequence (positions 571 to 591) and fused to a hexahistidine tag in a bacterial expression vector. All chimeric proteins were expressed and purified with similar efficiencies (data not shown) and analyzed for enzymatic activity using a homopolymeric poly(C) template in the absence of a primer (Fig. 2C ). These assay conditions allowed the most sensitive and robust quantitation of de novo-initiated RNA synthesis (41) . However, since the readout of this assay includes initiation and elongation, effects on elongation cannot be entirely excluded. JFH1 RdRp exhibited a 6-fold-higher RNA synthesis efficiency than J6 under these conditions (Fig. 2C) . Replacement of either the palm or thumb segment of J6 by JFH1 increased RdRp activity by ca. 3-fold, whereas the JFH1 fingers segment had a negative effect on enzymatic activity. These results indicated that the contributions of the palm and thumb segments to efficient JFH1 replication in cell culture were at least in part due to increased de novo-initiated RdRp activity, as proposed in our previous study (41) . The discrepancy between the palm and thumb segments in their ability to stimulate replication in cell culture compared to effects on RdRp activity might be due to other functions of NS5B independent of polymerase activity. In contrast to the case for the palm and thumb segments, we found no stimulating effect of the C terminus of JFH1 NS5B on RdRp activity in vitro (Fig. 2C) , despite the strong effect of this domain on the efficiency of the replicon ( Fig. 2A) , arguing for a mechanism independent of polymerase activity. The entire C-terminal domain contained only two coding polymorphisms, at positions 561 and 571; the latter was formally lacking in our enzymes due to the deletion of 21 C-terminal amino acids. However, due to a BglII restriction site linking the NS5B-coding sequence to the hexahistidine tag, position 571 by (Fig. 1A) . In vitro transcripts corresponding to the indicated replicons were transfected into Huh7-Lunet cells. Cell lysates were obtained at different time points after transfection and analyzed for firefly luciferase activity (RLU). The ratios of RLU obtained at 24 h (white bars) 48 h (gray bars), and 72 h (black bars) (A) or 24 h (B) to that at 4 h after transfection are shown. (C) RNA synthesis of purified chimeric RdRps on a homopolymeric template. Standard RdRp assay mixtures using 1 g of purified JFH1, J6, and chimeric J6 polymerases as for panel A were incubated for 1.5 h on a poly(C) template with 10 Ci [␣- 32 P]GTP and 500 M cold GTP. Incorporation of radioactivity was quantified by TCA precipitation and liquid scintillation counting. After background subtraction, picomoles of incorporated GMP per microgram of enzyme per hour were calculated based on the ratio of labeled to unlabeled GTP. Luciferase and RdRp assays were performed two to four times independently for each construct. Data are mean values and standard deviations for a representative experiment.
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on November 4, 2017 by guest http://jvi.asm.org/ chance was a serine in all of our polymerase expression constructs, thereby representing the JFH1 sequence. Therefore, we also mutated position 571 to leucine, which is present in J6. We found no impact of this residue on de novo-initiated RdRp activity in vitro (see Fig. S1 in the supplemental material), ruling out any positive effect of the C-terminal region of JFH1 NS5B on enzymatic activity in our assay system, at least for polymerases lacking the membrane insertion sequence. Our data implied that the palm and thumb segments of JFH1 NS5B were both enhancing JFH1 replication in cell culture at least in part by increasing RdRp activity, whereas the C-terminal domain was acting by a different mechanism. We aimed to confirm this assumption by combining two of these domains derived from JFH1 in an NS5B-J6 replicon (Fig. 1A  and 2B ). Interestingly, a combination of the palm and thumb segments of JFH1 did not increase replication efficiency beyond the level for the thumb segment alone, supporting our hypothesis that both acted by the same mechanism. In contrast, the C terminus of JFH1 additively enhanced the replication efficiency of the chimeras harboring the palm or the thumb segment, for the latter even 2-fold above the level of wild-type JFH1 (Fig. 2B) . The additive effect of the C-terminal domain with the palm and thumb segments on replication efficiency in cell culture provided a second piece of evidence arguing for an independent mechanism of action.
In summary, our data showed that the palm and thumb segments of JFH1 increased de novo-initiated RdRp activity and replication in cell culture of J6 NS5B, suggesting a mechanistic link as proposed in our previous study (41) . The Cterminal region of the NS5B-coding sequence also substantially contributed to efficient JFH1 replication in cell culture, but most likely by a mechanism independent of RdRp activity.
A single mutation in the thumb domain mainly contributes to enhanced RNA replication and de novo-initiated RdRp activity of JFH1 NS5B. Our previous analysis showed that the polymerase of HCV isolate JFH1 had a higher efficiency of de novo-initiated RNA synthesis in vitro than the RdRp of isolate J6. This higher activity of the enzyme correlated with a more closed conformation of the JFH1 polymerase structure than of the consensus 2a (Con2a) structure, which was mediated mainly by critical residues in the thumb domain. Therefore, we speculated that the closed conformation of the JFH1 polymerase was critical for efficient de novo-initiated RNA replication of this isolate. Since the thumb domain of JFH1 indeed had a major impact on replication efficiency in cell culture and strongly increased de novo initiated-RNA synthesis of the RdRp ( Fig. 2A and C) , we aimed to prove or disprove our concept by a comprehensive analysis of mutants and chimeras harboring subsegments of the thumb in regard to enzymatic activity and replication efficiency.
The overall pattern was rather complex but revealed interesting similarities and discrepancies between replicon and polymerase activities in vitro ( Fig. 3 and Table 1 ). The Nterminal part of the JFH1 thumb segment (positions 394 to 470) strongly increased RdRp activity in vitro, to the level of the entire thumb segment, and replication in cell culture, albeit to a lower extent. The middle part (positions 470 to 494) entirely abrogated both polymerase activity and RNA replication. The C-terminal part (positions 494 to 527) stimulated replicon activity without having an impact on RdRp activity in vitro. Due to this complex pattern, we decided to analyze the individual polymorphisms in the thumb segment in more detail. We exchanged individual amino acids in the NS5B-J6 sequence to check whether they would rescue replication and RdRp activity to the levels conferred by the JFH1 thumb segment. Most single mutations showed no or even a negative phenotype ( Fig. 3 ; Table 1 ). A421V and S455N affected nei- ther RdRp nor replicon activity. P479H even abrogated RdRp activity of the mutant polymerase as well as replication in cell culture, which probably explains the negative impact of the subsegment from amino acid 470 to 494. A435V and L474M did not impair RdRp activity but resulted in inactive replicons.
Some of these mutations (e.g., A435V and P479H) had even a stronger negative effect on apparent replication than the replication-deficient negative control (⌬GDD), probably due to an impairment of RNA stability. In contrast, A499V and R517K did not increase or only slightly increased RdRp activity but rescued NS5B-J6 replicon replication by a factor of 10-fold each, which corroborates the effects of the subsegment from amino acid 494 to 527. Only two mutations, V405I and A450S, mimicked the phenotype of the entire thumb domain, by stimulating de novo-initiated RNA synthesis of the RdRp and enhancing replication of the replicon. Most striking was V405I, which rescued RdRp activity to the level of the chimeric polymerase harboring the entire JFH1 thumb domain and increased replication efficiency of the NS5B-J6 replicon by more than 100-fold.
Although the pattern of phenotypes exerted by individual mutations in the thumb domain of J6 was complex, we could identify a single polymorphism, V405I, which increased the RdRp activity of J6 polymerase and the replication efficiency of the NS5B-J6 replicon almost to the levels for the entire thumb domain of JFH1.
High-resolution crystal structures of J6_NS5B and JFH1 NS5B confirm that extra hydrophobic contacts of residue 405 are JFH1 specific. We previously reported that JFH1_NS5B has a thumb in a slightly but significantly more closed conformation than that of the previously published (9) consensus 2a (Con2a) NS5B structures and correlated this fact to the higher efficiency of JFH1 NS5B than of J6 NS5B in de novo RNA synthesis (41) . To gain further insight into the direct mechanism particularly underlying those polymorphisms stimulating RNA replication and RdRp activity, we required a more concise side-by-side structural comparison of JFH1 NS5B with the same construct that we used for the functional analysis. Therefore, we crystallized this J6 NS5B construct and refined its structure to high resolution ( Table 2) . We also obtained a new crystal form (here designated by the letter "O") of JFH1 NS5B 
Replication in cell culture
In vitro RdRp activity
ϩϩϩ NA a Fold replication or activity relative to that for J6 was determined. Data are based on three different experiments. ND, not detectable (inactive); NA, not analyzed. Replication: Ϫ, up to 5-fold; ϩ, up to 100-fold; ϩϩ, up to 1,000-fold; ϩϩϩ, more than 1,000-fold. Activity: Ϫ, up to 1.2-fold; ϩ, up to 2-fold; ϩϩ, up to 5-fold; ϩϩϩ, more than 5-fold. c R and R free were determined by the equation R ϭ ⌺ hkl ͉͉F obs ͉ Ϫ k͉F calc ͉͉/⌺ hkl ͉F obs ͉, where h, k, and l are the indices of the reflections used in refinement (R) or of 5% of the reflections set aside and not used in refinement (R free ). The same set of reflections was used for R free in all structures. F obs are the structure factors deduced from the measured intensities and F calc the structure factors calculated from the model. k is a scale factor to put F calc on the same scale as F obs .
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RdRp RESIDUES DETERMINING EFFICIENT JFH1 REPLICATION 2571 that yielded significantly better data (Table 2 ) than our previously reported crystal form (here designated by the letter "M"). Similarly to as described in our previous report (41), we subjected these structures to an objective comparison (39) with those of both previously published subtype 2a NS5B structures, namely, JFH1_NS5B_M and Con2a NS5B. We found that all four structures are conformationally different from one another when using the typical cutoff of 2.5 sigmas for significantly different positions of the same residues in two structures (Table 3 ). Due to a small forward rotation, the thumb of JFH1_NS5B_O is actually even more closed than that of JFH1_NS5B_M (Fig. 4A ). J6 NS5B, however, falls between Con2a_NS5B and JFH1_NS5B_M with regard to the thumb's closure (Fig. 4A) . The displacements between the thumbs of J6 and JFH1 NS5B are quite small and of the same order of magnitude as those seen for JFH1 NS5B in different crystal packing environments (Fig. 4A) . We therefore checked J6_NS5B and JFH1_NS5B_O for the six positions where we previously (41) reported special polymorphisms of JFH1_NS5B to induce specific conformational changes stabilizing the closed thumb conformation of JFH1_NS5B_M, particularly extra hydrophobic interactions of I405 and V435. We consistently find that the extra interactions are indeed present in JFH1_NS5B and absent in J6_NS5B, despite the fact that the latter's thumb is only slightly more open than the former's. We thus confirm that stabilization of the thumb in a closed conformation is a special feature of JFH1 NS5B. Delineation of the more pronounced differences between JFH1_NS5B and J6_NS5B highlights a general rearrangement of the thumb-fingertip contact and local displacements involving residues 405 and 450. The differences between the four structures in Table 3 are small enough that when only more substantial deviations are considered (cutoff of 5.0 sigmas), pairs not including JFH1_NS5B_O are conformationally identical (above the 98% threshold of alpha carbons in identical positions). However, JFH1_NS5B_O is significantly different from the other three structures even at this highertolerance cutoff. This is due on the one hand to larger differences in conformation (Fig. 4A ) and on the other hand to the higher precision of JFH1_NS5B_O compared to JFH1_NS5B_M (Table 3 , ͳesdʹ). This allows us to assess the main conformational differences between JFH1_NS5B and J6_NS5B (Table 3 [ underlined value]; Fig. 4B ). We find that these larger differences point to a concerted movement of a rigid block (in green in Fig. 4B ) comprising the back of the thumb, including helix S, and the distal fingertips, including helix A (we use the nomenclature defined in reference 13). Surprisingly, there are also some significant but very local movements, each involving only a few residues (in red in Fig.  4B ). Apart from surface residues involved in crystal contacts (such as at the top of the fingers), two two-residue stretches are thus outlined, right at or close to the two polymorphisms of JFH1_NS5B that mimic the phenotype of the entire thumb domain when introduced into J6 NS5B (Fig. 3) : first, residues V405I-406 at the point of contact between the thumb, fingers, and top of the beta flap, and second, the 448-449 (right before A450S) tip of the beta flap where it interacts with the linker.
A detailed comparison of the high-resolution structures of JFH1_NS5B and J6_NS5B highlights complex, concerted displacements of the fingertips, back of the thumb, and C terminus. The high precision of JFH1_NS5B_O and J6_NS5B allows a more detailed breakdown of rigid blocks to be computed, with a tolerance of 2 sigmas (Table 3 [bold value]; Fig. 4C and D) instead of the typical 2.5. This breakdown in turn allows us to refine and extend our previous findings about the likely role of some key JFH1 polymorphisms (Fig. 5) . Thus, the portion of the fingers facing position 405 (in light green in Fig. 5A and B) is slightly more open in this J6/JFH1 comparison, as it was in the Con2a/JFH1_M comparison (41) . When JFH1 is taken as the reference, the shift of this part of the fingers is less pronounced in J6 than in Con2a due to J6 being in an intermediate conformation between those of Con2a and JFH1 (Fig. 4A) . As stated above, our previous report that the JFH1 V405I polymorphism induces a gain of hydrophobic interactions buttressing the thumb-fingers interaction in this region is nevertheless confirmed in the comparison with J6. These hydrophobic interactions lead to a distinct displacement of the segment from amino acid 402 to 408 near the beta flap. In the beta flap itself, the strand from amino acid 450 to 455 is highlighted as a distinct rigid body (in light pink in Fig. 4C and D and 5A and B) due to changes in hydrogen bonding at either end (see below for S455N): S450 in JFH1 indeed makes an extra hydrogen bond to I560 of the linker (Fig. 5B ) compared to A450 in J6 (Fig. 5A) . We previously remarked that, in contrast, there is one fewer hydrogen bond between the linker and flap in JFH1 because of the Y561F polymorphism (41). The case is not quite as clear-cut in the J6/JFH1 comparison, because the extra side chain hydroxyl in Y561 of J6 now makes only a water-mediated hydrogen bond to the top of the beta flap (hence, this hydrogen bond is not depicted in Fig. 5A , where we show only variations in protein-protein hydrogen bonding). However, this extra hydroxyl actually participates in coordinating a network of water molecules (clearly visible at these resolutions) that bridges the gap from the top of the beta b The models are entered in order of increasing closure of the thumb (see text and Fig. 4A for details) . The structures for the consensus 2a NS5B and JFH1_NS5B in crystal form M were previously published. The comparison values are the percentages of residues whose alpha carbons are not in significantly different positions. Two models can be considered to be in identical conformations if this value is larger than 98% (39) . The values are given for all pairs of molecules for the two tolerance thresholds (ESCET lolim parameter) of 5.0 (right) and 2.5 (left) sigmas. For the J6/JFH1_O comparison only, the value at 2.0 sigmas (leftmost) is also given and in bold. This value was used for the ESCET detailed breakdown in rigid groups depicted in Fig. 4C and D and 5. The value at 5.0 sigmas (underlined) was used in the cruder breakdown in Fig. 4B , where only more substantial deviations are sought.
flap to the fingers in J6, a water cap that is starkly reduced above the hydrophobic patch made by Y561F in JFH1. Further up the beta flap, polymorphisms S455N and R517K also considerably change the pattern of hydrogen bonding ( Fig. 5A and  B) . We could find no discernible conformational effect of this in our previous work. It is now clear from the new structures that these changes participate in the coordination of several concerted displacements involving regions both at the back and at the front of the thumb. This is accomplished most obviously through two salt bridges of R517 in J6 with E541 of the linker and D458 (Fig. 5A ) that cannot both be done by JFH1's K517 (Fig. 5B) . The linker is thus tethered to a rigid block (in cyan in Fig. 4C and 5 ) going from the linker through the central helix bundle of the thumb to the fingertips (at the base of which are three polymorphisms at positions 42, 47, and 156). Remarkably, this draws a previously unobserved partitioning of the thumb that is completed by two disconnected rigid blocks. First, the second half of the short helix harboring E541 in the linker is associated with the platform at the back of the thumb (in yellow in Fig. 4C and 5C and D) upon which the fingertips rest. This platform reaches to the polymorphism at position 499 and is reoriented by polymorphisms at positions 478 and 479 at the base of helix S. The second disconnected rigid block (in blue-white in Fig. 4C and 5 ) comprises helix A on the one hand and the connection between helices R and S (which includes the polymorphism at position 474) on the other hand. Residue 474 is buried between this connection and another rigid block (in magenta in Fig. 4C and D and 5 ) that comprises the 15-16 beta hairpin and extends into the thumb to the polymorphism at position 392. The 15-16 hairpin was previously recognized as a hinge around which the genotype 1b NS5B thumb rotates (1), while residue 392 is one of two JFH1 polymorphisms (with residue 435) that we reported to modify the interaction of helix A with the thumb (41) .
In summary, the comparison of the JFH1 and J6 NS5B structures shows two distinct features. The first, and simple, feature is a network of extra interactions in JFH1_NS5B involving residues 405 and 450 at the junction between the thumb, fingers, beta flap, and linker. These interactions contribute to stabilizing the closed thumb conformation of the JFH1 polymerase, thereby enhancing the de novo initiation efficiency of RNA synthesis. The second, and quite complex, feature is a series of concerted displacements of the fingertips, back of the thumb, and part of the C-terminal segment. Coordination is achieved by several channels potentially involving up to 10 JFH1 polymorphisms. One channel is a remodeling of the hydrogen bonding pattern connecting the C terminus to the thumb, central to which is residue 517. For reasons outlined in Discussion, this channel at least is presumably associated with the transition from initiation of RNA synthesis to elongation. Although residue 561 is in a position to participate in both of these features ( Fig. 5A and B) , the polymorphism Y561F at this position has no clear structural effect on either. Two independent mechanisms in the C-terminal segment of NS5B contribute to efficient JFH1 replication. The initial mapping identified the important contribution of polymerase activity to efficient JFH1 replication in cell culture, which we could assign primarily to position 405 within the thumb domain (Fig. 3) . Next we aimed to determine the critical positions in the C-terminal segment, which also had a significant role in JFH1 replication seemingly independent of the RdRp activity of the isolated enzyme. JFH1 and J6 differed at only two positions in their amino acid sequence in the C-terminal segment (positions 528 to 591) (Fig. 1A) that comprises the linker (positions 530 to 570) and transmembrane helix (positions 571 to 591); however, the situation was complicated by the fact that an important CRE resides in this region, containing three stem-loop structures termed SL3.1, SL3.2, and SL3.3 (54) . Therefore, we also included noncoding polymorphisms in our analysis. Recent studies have particularly demonstrated the essential role of SL3.2 in HCV RNA replication, acting via a kissing-loop interaction with a loop-sequence (SL2) in the Xtail region of the 3ЈNTR (18) . Interestingly, both variations resulting in a change of the amino acid sequence were located in the SL3.2 sequence: U9348A/Y561F in the loop region, thereby increasing the length of the kissing-loop interaction, and C9378U/L571S at the base of the stem. We again used replicon NS5B-J6 as a starting point and tried to rescue the replication efficiency of the entire C-terminal segment (C-term JFH) by exchanging J6 sequences with all polymorphisms in individual stem-loops of the CRE (SL3.1 JFH, SL3.2 JFH, and SL3.3 JFH), all noncoding variations (silent JFH), and both amino acid mutations (Y561FϩL571S) (Fig. 6A) . Replicons SL3.2 JFH and Y561FϩL571S both exhibited replication at the level of C-term JFH1, whereas even the combination of all silent mutations replicated at the level of NS5B-J6. Individual analysis of replicons harboring only mutation L571S or Y561F revealed that both rescued NS5B-J6 to the same extent.
Based on these data, it was not possible to decide whether the change in the nucleotide or amino acid sequence was functionally important. To address this important point, we generated constructs allowing the analysis of the CRE in the absence of protein-coding functions by disturbing the RNA structures in the CRE within NS5B and by insertion of an intact copy of these elements in the variable region of the 3ЈNTR. This approach had already been successful in the case of a genotype 1b replicon (18) . We introduced a maximum number of silent nucleotide substitutions in the CRE of the 5B-coding sequence and indeed entirely abrogated replication (JFH1 mut3.1-3) (Fig. 6B and C) . Duplication of the CRE in the absence of any changes within the NS5B gene strongly reduced replication efficiency compared to that in wild-type JFH1, probably by disturbing RNA secondary structures at the insertion site in the 3ЈNTR (JFH1 dup3.1-3) (Fig. 6B and C) . More importantly, the duplication of the CRE was able to rescue replication of a construct with a scrambled CRE in the NS5B gene (JFH1 ins3.1-3) (Fig. 6B and C) , demonstrating that the duplicated CRE was able to replace the cis functions of the endogenous stem-loop structures. We now introduced the J6 nucleotide polymorphisms into the duplicated version of the CRE, while retaining the NS5B-coding sequence unaf- 
RdRp RESIDUES DETERMINING EFFICIENT JFH1 REPLICATION 2575 fected, to focus on the cis functions of these positions. In contrast to the case for our previous gain-of-function experiments (rescuing J6 sequences by introducing JFH1 sequences), this experimental system addressed a loss of function by introducing J6 variations in a JFH1 sequence. Interestingly, a change at position 9348 (U9348A, corresponding to position 561 in NS5B), strongly reduced replication efficiency (Fig. 6D) . The facts that this nucleotide resided in the loop of SL3.2 and that the mutation decreased the kissing-loop interaction with SL2 in the X tail from 8 to 7 nucleotides clearly argued for a mechanistic role of this polymorphism in the CRE and not in the coding sequence of NS5B. In contrast, a change at position 9378, at the base of the stem of SL3.2, had no impact on replication (Fig. 6D) , either individually or in combination with U9348A, suggesting a function at the level of the coding sequence. To further rule out any role of the specific nucleotide sequence at this position, we introduced the L571S mutation using an AGC codon instead of UUA as found in JFH1. Indeed, both L571S mutants replicated to exactly the same level (Fig. 6A, L571S and L571S-AGC). Therefore, position 571 seems to be an important determinant in the NS5B-coding sequence but not for enzymatic activity itself (Table 1 ; see Fig.  S1 in the supplemental material). However, since this residue was directly adjacent to the 6ϫHis tag in our NS5B expression constructs and since we did not obtain any structural information beyond position 563, we cannot entirely rule out a potential role of 571S in the RdRp activity of a full-length polymerase.
Taking the findings together, both coding polymorphisms in the C-terminal segment of NS5B were critical for JFH1 replication and rescued NS5B-J6 to the same extent, but by entirely different mechanisms. The polymorphism at position 9478 (encoding amino acid 561) enhanced replication by increasing the length of the kissing-loop interaction between SL3.2 and SL2. In contrast, position 571 was important in the protein-coding sequence, without affecting RdRp activity in our in vitro de novo-initiated RdRp assay.
Combinations of two substitutions enhance NS5B-J6 replication to levels close to those of JFH1 and rescue generation of infectious virus. We next aimed to rescue NS5B-J6 by combining the most promising candidates. After identification of single residues in the NS5B gene contributing to efficient replication of JFH1, it was clear that at least four different mechanisms were involved: (i) changes in the protein-coding sequence stimulating RNA replication and de novo-initiated RdRp activity, most likely by favoring a closed conformation of the polymerase (positions 405 and 450) ( Fig. 3; Table 1 ); (ii) deviations enhancing replication of the NS5B-J6 replicons without a detectable impact on RdRp activity in our assay but probably acting on the transition from initiation to elongation (positions 499 and 517) ( Fig. 3; Table 1 ); (iii) position 561, a polymorphism encoded within the CRE, enhancing RNA replication by extending a critical kissing-loop interaction ( Fig. 6 ; Table 1 ); and (iv) positions increasing replication in cell culture with a yet-undefined mode of action (positions 421 and 571) ( Table 1 ). The additive effects exerted by the thumb and C-terminal segments (Fig. 2B) suggested that the combination of different mechanisms might be more efficient than the accumulation of residues acting by the same mode of action. Therefore, we decided to combine the strongest representatives of each cluster, V405I, L571S, and Y561F, to reach JFH1 replication levels with a minimal number of substitutions in the NS5B gene of J6 (Fig. 7A) . Both polymorphisms in the Cterminal segment, Y561F and L571S, individually enhanced the effect of mutation V405I to similar extents, increasing replication of the NS5B-J6 replicon almost to JFH1 levels, albeit with slightly slower kinetics ( Fig. 7A; Table 1 ). However, a combination of all three mutations in NS5B-J6 (V405I, Y561F, and L571S) generated a replicon indistinguishable from that of JFH1.
Since a hallmark of isolate JFH1 replication was the efficient generation of infectious virus, we wanted to evaluate whether the increased replication efficiency of NS5B-J6 produced by the JFH1 polymorphisms would also rescue virus production. Therefore, we introduced the doubly and triply mutated NS5B-J6 gene into an infectious viral genome. A full-length J6 genome seemed not to be a plausible option, since it has been shown that the polymerase, helicase, and 3ЈNTR of JFH1 are required to rescue J6 replication (32) . Instead, we chose a monocistronic reporter virus termed JcR-2A (Fig. 7B ) harboring a chimeric genome termed Jc1 containing the genes for the structural proteins, p7, and the first transmembrane domain of NS2 from isolate J6 and the remaining coding sequence from JFH1 (36) . To facilitate quantitation of replication and virus production, the genome was flanked by the Renilla luciferase gene, linked by the 2A autoprotease of FMDV to the corecoding region (Fig. 7B) . As for the subgenomic replicon, replication (Fig. 7C ) as well as virus production (Fig. 7D) was severely impaired by replacement of the NS5B-coding sequence with the J6 counterpart. By introduction of two mutations in the NS5B-J6 sequence (V405IϩY561F or V405IϩL571S), replication as well as infectious virus production was restored to very close to the efficiency of JcR-2A (Fig. 7C and D) . The triple mutant NS5B-J6/V405IϩY561FϩL571S replicated slightly more efficiently than JcR-2A, with identical kinetics and virus titers.
In summary, we identified a series of mutations resulting in enhanced replication efficiency of chimeric replicons harboring the J6 NS5B gene by different mechanisms. Two combinations of double mutations, each including V405I, restored replication capacity and virus production of J6-NS5B almost to JFH1 levels. A J6-NS5B mutant containing a combination of three mutations, V405I, Y561F, and L571S, replicated as efficiently as JFH1.
A critical residue in the thumb domain of NS5B enhances RNA replication across genotypes. After the identification of key residues in the NS5B gene important for efficient replication of JFH1, we wanted to evaluate whether the same mutations would also enhance replication of a different genotype. We chose Con1, a typical genotype 1b isolate requiring replication-enhancing mutations for efficient replication in cell culture. These replication-enhancing mutations have been identified in persistent selectable replicon cell lines and act by a yet-ill-defined mechanism (10, 24, 26, 27) . A downside is that most of them strongly interfered with virus particle production (37) . Since the JFH1 isolate replicated with high efficiency and produced infectious virus in cell culture, it appeared to be plausible to apply the same mechanism of replication enhancement to genotype 1b isolates. We focused on positions 405 and 561, because those were identical in J6 and Con1, whereas position 571 was divergent in the three isolates and therefore was not analyzed further. Interestingly, a valine-to-isoleucine switch at position 405 of NS5B indeed clearly enhanced replication of a Con1 replicon in cell culture by 5-to 10-fold (Fig.  8A ). In line with the case for JFH1, we also found a slightly but significantly increased RdRp activity for the purified Con1 V405I enzyme compared to the wild type, arguing for a conserved mechanism of action (Fig. 8B) . In contrast, mutation Y561F did not alter Con1 replication, although it should in theory have the same impact on the kissing-loop interaction in Con1 as in JFH1, and a combination of V405I and Y561F also did not result in an increase of replication efficiency compared to that with V405I alone (data not shown). Comparison of the only available Con1 NS5B structure (PDB code 3FQL) with that of JFH1 NS5B shows a displacement of the portion of the fingers facing position 405 (in light green in Fig. 5A and B) very similar to that seen in the J6/JFH1 comparison. This is consistent with our proposed mechanism, although we cannot rule out that this is due in part to this Con1 NS5B being in complex with a nonnucleoside inhibitor of initiation (19) . Although the replication levels of the V405I mutant did not reach those previously published for adapted Con1 replicons, this mutation remains a promising candidate for combination with other mutations to generate genotype 1b isolates with high replication levels and the capability of producing infectious virus.
DISCUSSION
The hepatitis C virus genotype 2a isolate JFH1 is currently the only viral strain that replicates efficiently in cell culture and in vivo without any need for adaptive mutations. Previous work pointed to an important contribution of the viral NS5B gene (8, 32) . This was corroborated functionally by a very high de novo RNA synthesis efficiency of purified JFH1 polymerase in vitro compared to NS5B from the related isolate J6, which is 
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RdRp RESIDUES DETERMINING EFFICIENT JFH1 REPLICATION 2577 not capable of replication in cell culture, and structurally by a very closed conformation of the JFH1 enzyme that facilitates the very first step in de novo RNA synthesis, formation of a dinucleotide primer (20, 41) . This work now aimed at defining critical regions and residues within NS5B contributing to the high replication efficiency of JFH1, which might help to improve replication of other viral isolates. To this end, we identified at least four independent mechanisms within the polymerase gene of JFH1 that are capable of enhancing replication efficiency of the J6 isolate: (i) regions and residues enhancing de novo-initiated RNA synthesis of the RdRp and increasing RNA replication, by fostering a more closed conformation of the enzyme, as indicated by our structural comparison (this mechanism was found for the overall impact of palm and thumb segments, particularly at positions 405 and 450); (ii) mutations acting by a series of concerted displacements of regions of the back of the thumb and of the C-terminal segment, represented by positions 499 and 517, at least one of which might be associated with the transition from initiation of RNA synthesis to elongation (see below); (iii) a mutation at position 561 in a cis-acting RNA element, extending a kissingloop interaction with the 3ЈNTR; and (iv) mutations in the thumb and C-terminal segments enhancing RNA replication of isolate J6 without significantly affecting the polymerase activity in vitro at residues 421 and 571, acting by yet-to-be defined mechanisms. By introducing different combinations of only two mutations acting by different mechanisms, we were able to increase the efficiency of the closely related J6 NS5B gene to JFH1 levels. Most interestingly, we were also able to increase in vitro polymerase activity and replication efficiency of the genotype 1b isolate Con1 by converting position 405 to the JFH1 sequence. In addition, replication of a V405I mutant genotype 1a replicon derived from isolate H77 was also slightly increased, by ca. 2-fold (data not shown). This provides proof of concept for a conserved mode of action underlying efficient replication of JFH1 and raises the hope that a better understanding of JFH1 might indeed help to improve replication capabilities of HCV isolates from other genotypes. During the course of our study, a competitive analysis was published, aiming to understand the contribution of the polymerase gene to efficient JFH1 replication by comparing JFH1 and J6 mutants for replication efficiency in cell culture and RdRp activity in vitro but lacking a structural analysis (33) . By restricting their testing from the start to five polymorphisms at positions 377, 450, 455, 517, and 561, Murayama and coworkers missed inclusion of position 405, which had by far the strongest impact on RdRp activity and replication of all single mutations analyzed in our study. Still, they identified combinations of three or four mutations rescuing the replication capabilities of the NS5B gene of J6 to JFH1 levels at positions which are (apart from position 561) different from those selected by us. This points to a limited potential to increase replication efficiency in cell culture by a single mechanism and to several independent bottlenecks restricting HCV RNA replication at various levels. The additive effects of combinations of the JFH1 C-terminal segment with the palm or thumb segment on replication efficiency and the lack thereof by combining palm and thumb segments provide further support for this hypothesis (Fig. 2B) . Once a combination of mutations in the J6-NS5B gene supports replication efficiency in cell culture to the level of JFH1, other factors independent of polymerase seem to get limiting, e.g., the formation of replication complexes or host proteins. Restriction of HCV RNA replication by multiple bottlenecks is reminiscent of results of adaptation of HCV to cell culture. In the case of genotype 1b replicons, various alternative residues within NS4B, NS5A, and NS5B were selected, enhancing RNA replication to certain threshold levels (10, 24, 26, 27, 29) . Combinations of these mutations even reduced replication efficiency, and only mutations within NS3, probably acting by a different mechanism, additively enhanced replication (26) .
As suggested by our previous study (41) , the most prominent mechanism within NS5B contributing to efficient JFH1 repli- cation was indeed the higher efficiency of de novo-initiated RNA synthesis of the polymerase, which was corroborated by a very closed conformation of the JFH1 thumb favoring the initiation step. This conclusion was originally based on a structural comparison of JFH1 with a genotype 2a consensus sequence (9) and biochemical evidence and was now further proven by several lines of evidence. First, we were able to obtain a crystal structure of NS5B from isolate J6, a higherresolution structure of wild-type JFH1 (Table 2) , and an artificial JFH1 mutant (T385A) with higher RNA synthesis efficiency (see Table S1 and Fig. S2 in the supplemental material) . A concise comparison of these structures clearly shows that increased de novo synthesis capability correlates with a closed conformation of the enzyme by increasing closure of the thumb domain ( Fig. 4A; see Fig. S3 in the supplemental material) . Second, those individual polymorphisms critically stabilizing the closed conformation in the structure, particularly position 405, as well as position 450, indeed had a strong beneficial impact on both de novo-initiated RNA synthesis in vitro and replication efficiency in cell culture. Interestingly, a mutation of V405I in the J6 polymerase already corroborated the phenotype of a replacement of the entire thumb domain of JFH1 on RdRp activity and replication in cell culture (Fig. 3) . Valine at position 405 is found not only in isolate J6 but is quite conserved among HCV isolates (http://euhcvdb.ibcp.fr/euHCVdb/). Only some genotype 1 and a few genotype 2a isolates share an isoleucine at this position. Excitingly, mutation of V405 to isoleucine also enhanced replication efficiency of the genotype 1b isolate Con1. As for J6, the Con1 V405I mutant enzyme also exhibited increased de novoinitiated RNA synthesis, which therefore seems to be also a limiting factor for replication of genotype 1 in cell culture. Comparing the available Con1 NS5B structure to the high-resolution JFH1 NS5B structure confirms that the region of the fingers opposite V405 is more open in both Con1 and J6 NS5B. Therefore, structure-based predictions to enhance de novo initiation of the RdRp by stabilizing the closed conformation might guide a way to further increase the replication efficiency of viral isolates of different genotypes. We are currently working on the determination of the crystal structure of J6 NS5B with the V405I substitution to gain further mechanistic insight into this important issue.
Several mechanisms may be at play even in enhancing de novo-initiated RNA synthesis. Indeed, for de novo initiation to be productive, it must be followed by a transition to processive elongation that requires an opening of NS5B. We previously remarked that V405I, by stabilizing the closed conformation, must disfavor this later step (41) . Our recent work (20) has pinpointed the combined events of the C terminus moving out of the catalytic cleft and the thumb opening as critical for the transition to elongation. We report here in our structural comparison of JFH1 with J6 NS5B a series of concerted displacements of part of the C terminus on the one hand and the back of the thumb and fingertips, a region that is expected to move most during thumb opening, on the other hand ( Fig. 4C and D, yellow and cyan regions). We therefore hypothesize that some of these displacements at least are related to a stronger capability of the JFH1 enzyme to transition to elongation after de novo synthesis of a short primer. Relevant polymorphisms (Fig.  5) would be R517K, which clearly mediates the concerted movement of the short helix in the C terminus with the fingertips and their platform at the back of the thumb, and A499V, part of this platform and of the surface GTP binding site identified with a genotype 1b enzyme (12) . Residue 499 is commonly a valine only in NS5B of subtype 1b strains (such as Con1), so the JFH1 A499V polymorphism is very unusual for a 2a enzyme. We did not detect increased overall de novo RNA synthesis with R517K or A499V to match their effect in the replicon context (Fig. 3) . This might be due to our assay conditions, however.
The contribution of the nucleotide polymorphisms at amino acid position 561 to the extended kissing-loop interaction between the CRE in NS5B and SL2 in the X tail (18) is clearly demonstrated by our analysis, using a noncoding duplication of the CRE in the variable region of the 3ЈNTR, and was also strongly suggested by a previous study (33) . Phenylalanine at this position results in eight base pairs of kissing interaction and is found in JFH1 as well as in many genotype 2b and some genotype 6 subtypes. In contrast, most isolates share a tyrosine at this position, giving rise to a kissing-loop interaction of only seven base pairs. While the extended interaction clearly was beneficial for the J6 isolate, it unfortunately did not significantly enhance genotype 1b replication, albeit also extending the kissing-loop interaction. This discrepancy and the degree of conservation of the 7-bp kissing-loop interaction might point to subtle differences in the initiation mechanism from the plus strand among HCV genotypes. Alternatively, we cannot entirely rule out additional contributions of the amino acid change, since the extra hydroxyl in the tyrosine participates in coordinating a network of water molecules bridging the gap from the top of the beta flap to the fingers in J6, a water cap that is starkly reduced above the hydrophobic patch made by Y561F in JFH1. This would be expected to slightly facilitate opening of NS5B and hence improve the transition to elongation at the cost of reduced initiation efficiency. This in turn would improve replication only for those strains that are sufficiently efficient in the first step of initiation that the tradeoff is beneficial for global de novo RNA synthesis. In addition, Murayama and coworkers indeed found a slight impact of Y561F on J6 RdRp activity, which we might have missed due to different assay conditions (33) . Therefore, position 561 seems to have coding and noncoding functions, which might complicate the transfer to unrelated genotypes.
In addition to regions and polymorphisms of JFH1 increasing RdRp activity and replication of J6, we also found distinct positions and subsegments with strong negative effects. The existence of such negative regulators has been suggested by a previous study (33) , and some of them have been identified by us, explaining the unexpected behavior of some chimeras. Most striking was P479H, which completely abrogated J6 RdRp activity and replication of the NS5B-J6 replicon, although being well tolerated in the JFH1 polymerase sequence. Given the complexity of RdRp structure and function, such context-dependent action of certain residues is not surprising, particularly as in the case of position 479, where a histidine is found exclusively in the JFH1 isolate. In contrast, A435V had little impact on J6 RdRp activity but severely impaired the NS5B-J6 replicon. A435V might also explain the relatively low replication efficiency of replicon 394-470 JFH compared to the V405I single mutant. Similar detrimental effects of particular residues might also explain the discrepancy between the strong impact of the JFH1 palm domain on J6 RdRp activity and VOL. 85, 2011 RdRp RESIDUES DETERMINING EFFICIENT JFH1 REPLICATION 2579 the moderate enhancement in the context of the NS5B-J6 replicon. Efficient HCV cell culture systems covering the entire viral replication cycle are currently restricted to the replicase of JFH1. Genotype 1-based cloned viral isolates are hampered by the need for replication-enhancing mutations, resulting in efficiently replicating RNAs with limited or no production of infectious virus. In the case of the genotype 1a isolate H77, a highly adapted variant optimized for high replication gave rise to only low viral titers (53) . A recently described genotype 1b-based cell culture model unfortunately lacks a cloned sequence (40) . For Con1, which was the first viral isolate ever shown to replicate in cell culture (29) , the most efficient combinations of replication-enhancing mutations were shown to entirely abolish infectivity in chimpanzees (14) by impairing the generation of infectious virions (37) . However, a recent analysis identified one mutation within NS4B, K1846T, that enhanced RNA replication while maintaining the ability to generate infectious virus (37) , albeit overall far less efficiently than JFH1. However, the precedence of JFH1 clearly shows that efficient replication and virus production in cell culture are not necessarily contradictory and that this can be achieved in part due to a very efficient polymerase. Our analysis now provides a comprehensive insight into the mechanisms contributing to the special properties of this enzyme, and the picture is far more complicated than originally expected from our first structural analysis (41) . We are currently further modifying genotype 1b isolates by transferring the lessons learned from JFH1 polymerase, thereby trying to increase RNA replication without affecting particle production. The RNA replication efficiencies of these genotype 1b genomes still are far behind those based on the JFH1 replicase. However, the paradigm of position 405, enhancing de novo initiation and RNA replication across genotypes, raises hope that we might in the future be able to design efficiently replicating viral isolates based on our understanding of JFH1.
